We previously showed that vaccinia virus infection of BSC40 cells was blocked by soluble heparin, suggesting that cell surface heparan sulfate mediates vaccinia virus binding (C. Virus entry is a complicated process and often involves multiple stages with various viral and cellular factors (23, 40) . Especially for enveloped viruses, it is generally accepted that viruses first bind to cell surface receptors to trigger a conformational change of the virus-receptor complexes (4). Subsequently, a second set of cellular molecules, named coreceptors or fusion factors, come into contact with viruses to initiate membrane fusion between the virion envelope and plasma membrane (28). Identification of these cell surface molecules has been time-consuming and labor-intensive; however, isolation of genes encoding these molecules has proved critical for revealing the mechanistic complexity of virus entry processes. For human immunodeficiency virus entry, recent data indicated that not only does cellular CD4 need to interact with viral envelope protein, but also a second accessory molecule such as chemokine receptor-5 (CCR5) plays essential roles in virus-induced fusion. Interactions of gp120 with both CD4 and CCR5 are necessary to induce conformational changes to expose the fusion peptide located at the N terminus of gp41 for membrane fusion (1-3, 6, 7, 15).
Virus entry is a complicated process and often involves multiple stages with various viral and cellular factors (23, 40) . Especially for enveloped viruses, it is generally accepted that viruses first bind to cell surface receptors to trigger a conformational change of the virus-receptor complexes (4) . Subsequently, a second set of cellular molecules, named coreceptors or fusion factors, come into contact with viruses to initiate membrane fusion between the virion envelope and plasma membrane (28) . Identification of these cell surface molecules has been time-consuming and labor-intensive; however, isolation of genes encoding these molecules has proved critical for revealing the mechanistic complexity of virus entry processes. For human immunodeficiency virus entry, recent data indicated that not only does cellular CD4 need to interact with viral envelope protein, but also a second accessory molecule such as chemokine receptor-5 (CCR5) plays essential roles in virus-induced fusion. Interactions of gp120 with both CD4 and CCR5 are necessary to induce conformational changes to expose the fusion peptide located at the N terminus of gp41 for membrane fusion (1-3, 6, 7, 15) .
Previous studies regarding herpes simplex virus (HSV) have also indicated complicated entry mechanisms (4) . HSV is much larger and contains many membrane proteins on virions. Multiple viral proteins such as gB, -C, -D, -H, and -L were shown to be involved in virus entry (10, (18) (19) (20) 29) . Some of these proteins, such as gB and gC, are now known to bind to glycosaminoglycans (GAGs) on cells, and the presence of gD allows further interactions of bound virions to bind to a coreceptor, HVEM, for fusion (8, 25, 38, 39) . Although how fusion is triggered is still not yet known, identification of these cellular molecules provides a critical basis for future studies of HSV fusion mechanisms.
Since vaccinia virus has a wide host range, it is conceivable that certain cellular components that are ubiquitously expressed on cells mediate virus entry. Our previous data suggested that recombinant A27L protein bound to heparan sulfate on BSC40 cells. In addition, BSC40 cells treated with sodium chlorate to block sulfation of GAG side chains became more resistant to vaccinia virus infection (12) . We interpreted these results as indicating A27L protein interaction with the negative charges of sulfates on GAGs. We therefore looked for amino acid sequences on A27L protein that are basic or positively charged and suitable for interaction with sulfates (31) . A stretch of 12 amino acids (aa) from aa 21 to 32 (STKAAKK PEAKR) rich in lysine and arginine is, in principle, ideal for charge interactions. This region was also present in the soluble A27L protein, which contained aa 21 to 84 and was shown to bind to cells (Fig. 1A) (12) . The A27L hydropathy plot translated from the open reading frame predicts a membrane protein of 110 aa with a signal peptide from aa 1 to 20. Previously, the A27L protein on virions was purified, and the sequencing data indicated that the mature form starts at serine of aa 21, suggesting processing of the signal peptide (37) . This placed the arginine-and lysine-rich region described above at the most external region of the N terminus for easy accessibility. Furthermore, several monoclonal antibodies (MAbs) that recognized overlapping epitopes within this region were able to neutralize vaccinia virus infection (27) . It is likely that this N-terminal region modulates the functions of A27L protein in virus entry.
A mutant construct, D-A27L, was generated to express soluble proteins in bacteria. D-A27L encodes the open reading frame sequences from aa 33 to 84. Compared with our original A27L ectodomain construct, D-A27L protein lacks aa 21 to 32 from the N terminus (Fig. 1A) . Both A27L and D-A27L proteins contain a hexahistidine tag and were purified with nickel columns (Fig. 1B) . To test if this deletion removed the ability of A27L protein to bind to GAGs, both A27L and D-A27L proteins were incubated with heparin CL6B beads, respectively, in vitro, and after washing, the bound fractions and the flowthrough were collected and analyzed by Western blotting with a serum specific for A27L protein (Fig. 1C) . In the control, soluble A27L protein bound to heparin beads (lane 4), and very little of the protein was detected in the flowthrough (lane 5). This binding was specific to heparin, since A27L protein did not bind to beads alone (lane 2). In contrast, D-A27L protein did not bind to either control beads (lane 7) or heparin beads (lane 9). All of the D-A27L protein was detected in both of the flowthrough fractions (lanes 8 and 10) . The results therefore demonstrated that the region of aa 21 to 32 is necessary for A27L protein binding to heparin beads in vitro.
We extended the in vitro analysis described above to determine if soluble A27L protein binding to heparan sulfate on cells is also mediated by the same N-terminal domain. We monitored the ability of D-A27L protein to compete with soluble A27L protein for cell binding by using fluorescence-activated cell sorter analysis. Biotinylated A27L protein bound specifically to HeLa cells and revealed a significant shift in fluorescence staining on cell surfaces ( Fig. 2A) . The amount of A27L protein bound to cells was significantly reduced when soluble heparin was added as a competitor, but not with chondroitin sulfate or dermantan sulfate (data not shown). When cells were incubated with 10-fold excessive amounts of unlabeled A27L protein to compete with biotinylated A27L protein for cell binding, the fluorescence staining detected was significantly reduced (Fig. 2B ). When D-A27L protein was used as a cold competitor, no decrease in fluorescence was observed, indicating that D-A27L protein did not compete with A27L protein for cell binding (Fig. 2C) . Failure of D-A27L protein to bind to heparin beads correlates with the protein's inability to bind to cells, confirming that the N-terminal domain is necessary for A27L interaction with heparan sulfate on cells. This was not only restricted to HeLa cells, since other cell lines, such as BSC40 and mouse L cells, were also tested and similar results were obtained (data not shown).
A27L protein is an envelope protein on the surface of intracellular mature viruses, and antibodies against A27L protein neutralized vaccinia virus infection (30) (31) (32) 35) . If A27L protein indeed mediates vaccinia virus binding to heparan sulfate on cells, it is likely that soluble A27L protein would interfere with vaccinia virus infection. With purified D-A27L protein, the involvement of the GAG-binding domain in virus infection could be assessed. BSC40 cells were infected with vaccinia virus in the presence of soluble A27L or D-A27L protein, and plaque numbers were determined 3 days later. As shown in Fig. 3A , soluble A27L protein blocked plaque formation in a dosage-dependent manner, with 23% inhibition at the 1-g protein level. Inhibition was saturated at 61 and 66% for 10 and 100 g, respectively. D-A27L protein did not have any significant effect on virus infection, indicating the GAGbinding domain is essential for this inhibitory effect.
We then checked if soluble A27L protein blocked virus infection at an early stage. Cells were infected with a recombinant vaccinia virus, vMJ360, in the presence of soluble A27L or D-A27L protein (14) . Cell lysates were prepared at 2 h postinfection and assayed for lacZ expression from an early viral promoter (Fig. 3B) . Construction of D-A27L protein was similar to that of A27L protein, as described previously (13) . In brief, PCR primers corresponding to different A27L DNA sequences were used to amplify the DNA fragment containing the ectodomains of D-A27L protein. The DNA was cloned into pET21a(ϩ) and transformed into BL21(DE3), and the resulting recombinant D-A27L protein contains a T7 tag at the N terminus and a hexahistidine tag at the C terminus to allow purification with a nickel column. Both soluble A27L protein (lane 1) and D-A27L protein (lane 2) were purified as described above, separated by sodium dodecyl sulfate-polyacrylamide (12%) gel electrophoresis (SDS-PAGE), and stained with Coomassie brilliant blue. (C) D-A27L protein does not bind to the heparin column in vitro. Purified A27L (lanes 1 to 5) and D-A27L (lanes 6 to 10) proteins were incubated with heparinSepharose beads (lanes 4, 5, 9, and 10) or control Sepharose beads (lanes 2, 3, 7, and 8) at 4°C for 60 min, and the supernatant was collected after a brief centrifugation. The beads were washed three times, and the volumes of the bound (lanes 2, 4, 7, and 9) or supernatant (lanes 3, 5, 8, and 10) samples were adjusted so that an equal proportion of each sample was loaded on a 12% polyacrylamide SDS-PAGE gel. Purified A27L and D-A27L proteins were shown as controls in lanes 1 and 6, respectively. The gel was transferred for Western blot analysis with a MAb specific for A27L protein (1:500). The two bands in each lane represent the dimeric (top) and the monomeric (bottom) forms of the proteins. Kd, kilodaltons.
was ineffective in blocking virus infection. A27L protein required the N-terminal sequences in order to inhibit virus infection, suggesting that A27L protein interferes with the virus entry process.
The ability of A27L protein to block vaccinia virus infection suggested two possible mechanisms: it could block vaccinia virus adsorption, or it could block virus fusion or penetration. For envelope viruses, binding and fusion are two distinct steps, and soluble viral proteins that interfere with either process have been previously described (17, 26, 38, 39) . We performed virus binding assays to quantitate the amount of vaccinia virions bound to cells in the presence of soluble A27L protein. BSC40 cells were incubated with soluble protein and infected with vaccinia virus. Cells were then immediately harvested, and lysates were prepared for Western blot analysis with an antiserum against vaccinia virions (Fig. 3C) . The amount of viruses bound to cells appeared unchanged, regardless of the concentration of soluble A27L protein used. This indicated that addition of soluble A27L protein did not reduce vaccinia virus binding to cells and instead blocked virus infection at the fusion or penetration stage. This result may not be too surprising, since A27L protein was shown to induce cell fusion of vaccinia virus-infected cells by acid treatment (31, 32) . In addition, MAb C3 against A27L protein blocked cell fusion with- out affecting virus binding (32, 35) . However, it was not known how A27L protein triggers fusion, and no cell surface components involved in fusion have been identified.
Since the N-terminal region of A27L protein acts as a GAGbinding domain, it provides a clue for understanding the mechanism of A27L-dependent cell fusion. We obtained a recombinant virus, WR32-7/Ind14K, in which expression of A27L protein was regulated by addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) to the culture medium (33, 34) . Cell fusion was strictly dependent on A27L protein expression and was readily observed around 18 h postinfection in the presence of IPTG (34) . This virus allowed us to determine fusion formation without acid treatment and provided a more convenient assay. BSC40 cells infected by WR32-7/Ind14K developed cell fusion at neutral pH when IPTG was added to the culture medium (Fig. 4C) , whereas no fusion was observed when IPTG was omitted (Fig. 4B ). When these infected cells were incubated with soluble A27L protein, cell fusion was significantly blocked (Fig. 4D) . Incubation of D-A27L protein with infected cells had no inhibitory effect, and cell fusion developed to a similar extent to the control infected cells (Fig.   4E ). Taken together, removal of the GAG-binding domain of D-A27L protein eliminated its biological activities in both cell binding and cell fusion. This suggests that cell binding through GAG interaction is essential for A27L protein to mediate cell fusion.
This finding may provide an explanation for several previous observations. For example, several MAbs that recognize epitopes within this region may neutralize virus infection due to interrupting virus and GAG interactions (13, 27) . Mutations or deletions within the N-terminal sequences that were known to inactivate A27L functions may also be due to an inability to interact with GAGs (21, 22) .
What is the role of A27L protein in vaccinia virus binding and fusion? It is apparent that A27L protein and GAG interaction could act as the initial stage of virus infection, since the charge interactions through GAGs were often described as nonspecific and with low affinity (4) . It seems likely that other high-affinity interactions between cells and bound viruses will be required to provide specificity. Incubation of cells with soluble heparin blocked virus binding to cells, whereas soluble A27L protein did not (Fig. 3C) (12) . This would suggest that perhaps there are multiple viral proteins mediating virus binding to GAGs. Blocking of virus adsorption could only be achieved when all of these interactions were simultaneously blocked by heparin. This would explain the failure of soluble A27L protein to inhibit virus binding. This may also explain that A27L protein is not essential for virus infection, since binding to GAGs may be shared by other viral membrane proteins, similar to gB and gC in HSV-1 (10, 24, 25) .
There have been reports suggesting that A27L protein was required in virus and cell fusion. A MAb against A27L, C3, was reported to block vaccinia virus infection without affecting virus binding (32) . Dequenching analysis to demonstrate that intracellular mature virus enters cells by membrane fusion revealed that virus and cell membrane fusion was blocked by MAb C3 (16). Since we do not know the epitope that MAb C3 recognizes, it is unclear how MAb C3 blocks virus fusion. Inhibition of virus infection by soluble A27L protein without affecting virus attachment was also consistent with a role in fusion. We speculate that soluble A27L protein bound to GAGs on cells, created a steric hindrance, and interfered with conformational changes of virus-GAG complexes, which otherwise could have been converted into fusiongenic intermediates. In this model, we do not think the A27L protein itself serves as a fusion protein. Viral fusion proteins such as hemagglutinin (HA2) and gp41 contain hydrophobic amino acids at the N terminus which often were described as fusion peptides (9, 11) . There is no similar structure on A27L protein which may serve as the fusion peptide. In addition, vaccinia virus cell fusion could be mediated by multiple viral proteins. Other proteins, such as F13L, B5R, and A34R, were also shown to be required for cell fusion of virus-infected cells (5, 41, 42) . With few conserved structures among these viral proteins, it appeared less likely that they all contain fusion peptides to participate in the fusion process. Rather, it may indicate that these viral proteins, including A27L protein, somehow regulate the activity of the fusion machinery. Besides, there are several viral proteins known to interact with A27L protein, such as A13L, A14L, and A17L proteins, and their roles in fusion need to be determined in the future (30, 36) .
In conclusion, our study revealed the importance of the N-terminal domain of A27L protein in the vaccinia virus adsorption to GAGs on cells. This interaction also controls the ability of A27L protein to trigger cell fusion. Our mapping of the GAG-binding domain allowed us to begin dissecting the mechanistic complexity involved in virus entry. The study of individual membrane proteins should enable us to identify other viral and cellular proteins which participate in the vaccinia virus entry process.
